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Abstract
Wetland-adapted trees are known to transport soil-produced methane (CH4), an important greenhouse gas to the
atmosphere, yet seasonal variations and controls on the magnitude of tree-mediated CH4 emissions remain unknown
for mature forests. We examined the spatial and temporal variability in stem CH4 emissions in situ and their controls
in two wetland-adapted tree species (Alnus glutinosa and Betula pubescens) located in a temperate forested wetland.
Soil and herbaceous plant-mediated CH4 emissions from hollows and hummocks also were measured, thus enabling
an estimate of contributions from each pathway to total ecosystem flux. Stem CH4 emissions varied significantly
between the two tree species, with Alnus glutinosa displaying minimal seasonal variations, while substantial seasonal
variations were observed in Betula pubescens. Trees from each species emitted similar quantities of CH4 from their
stems regardless of whether they were situated in hollows or hummocks. Soil temperature and pore-water CH4
concentrations best explained annual variability in stem emissions, while wood-specific density and pore-water CH4
concentrations best accounted for between-species variations in stem CH4 emission. Our study demonstrates that
tree-mediated CH4 emissions contribute up to 27% of seasonal ecosystem CH4 flux in temperate forested wetland,
with the largest relative contributions occurring in spring and winter. Tree-mediated CH4 emissions currently are not
included in trace gas budgets of forested wetland. Further work is required to quantify and integrate this transport
pathway into CH4 inventories and process-based models.
Keywords: Alnus glutinosa, Betula pubescens, methane, seasonal variation, stem CH4 emissions, tree-mediated CH4 emissions,
wetlands
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Introduction
Wetlands cover only c. 5% of the Earth’s ice-free land
surface (Prigent et al., 2007) yet they constitute the
largest individual source of methane (CH4) to the atmo-
sphere. Wetlands comprised of open waters, herba-
ceous vegetation and wetland-adapted trees release as
much as 170 Tg CH4 a
1 globally (Bergamaschi et al.,
2007); however, there is large uncertainty associated
with this estimate (Bousquet et al., 2006; Dlugokencky
et al., 2011), which has hindered efforts to accurately
predict ecosystem feedbacks to climate change. Further-
more, there have been contradictory explanations for
recently observed variations in atmospheric CH4 con-
centration (Aydin et al., 2011; Kai et al., 2011; Simpson
et al., 2012) with recent reports invoking new and pre-
viously unaccounted for sources of CH4 in forested
wetlands (Martinson et al., 2010; Bastviken et al., 2011;
Pangala et al., 2013), principally in tropical and sub-
tropical regions. An improved understanding of the
magnitude and relative contributions of different wet-
land CH4 production processes and transport pathways
is essential to constrain uncertainties and accurately
predict wetland ecosystem response to future changes
in climate.
Tree-mediated CH4 emission, which involves release
of CH4 via stem and/or leaf surfaces from trees
adapted to soil anoxia, arguably is one of the least stud-
ied CH4 emission pathways. In contrast, herbaceous
plant-mediated CH4 emissions have been investigated
for over two decades across a range of wetland types,
including rice paddies (e.g. Holzapfel-Pschorn & Seiler,
1986; van Bodegom et al., 2001), tropical wetlands (e.g.
Bartlett et al., 1988) and boreal peatlands (e.g. Whiting
& Chanton, 1992; Waddington et al., 1996; Alm et al.,
1999). These efforts have led to a basic understanding
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of species differences, seasonal variation and controls
on CH4 emissions (e.g. Sch€utz et al., 1991; Chanton
et al., 1993; Whiting & Chanton, 1996; Gr€unfeld & Brix,
1999), and consequently, herbaceous plant-mediated
CH4 emissions generally are well represented in ecosys-
tem CH4 flux estimates. Similarly, a substantial body of
literature also exists on diffusion and ebullition path-
ways, resulting in these pathways being adequately
represented in flux estimates for a wide range of eco-
systems (e.g. Bartlett et al., 1988; Engle & Melack, 2000;
Comas et al., 2007; Coulthard et al., 2009).
Early studies by Rusch & Rennenberg (1998) of wet-
land-adapted seedlings (Alnus glutinosa) revealed sig-
nificant CH4 emissions via stem surfaces and a
relationship between flux strength and the quantity of
CH4 present in the root zone. A small number of subse-
quent studies of other tree species have consistently
reported the presence of tree-mediated CH4 emissions
and attempted to identify controls on the process (e.g.,
Vann & Megonigal, 2003; Garnet et al., 2005). Despite
these preliminary studies and strong evidence for tree-
mediated CH4 emissions, direct evidence of their con-
tribution to wetland CH4 budget has been lacking until
recently (Rice et al., 2010; Pangala et al., 2013). Rice et al.
(2010) estimated that wetland trees contribute up to
10% of the global CH4 budget based upon data
obtained from a mesocosm experiment. More recently,
Pangala et al. (2013) demonstrated that trees are the
largest source of CH4 in a south-east Asian tropical peat
forest, contributing up to 87% of total ecosystem CH4
flux. However, to date, most studies of tree-mediated
CH4 flux have been laboratory based and conducted
using mesocosms or microcosms (e.g. Rusch & Rennen-
berg, 1998; Garnet et al., 2005). In situ investigations are
few in number and generally conducted over a short-
term period (e.g. Terazawa et al., 2007; Gauci et al.,
2010; Pangala et al., 2013). Further work is required to
characterise the annual contributions of tree-mediated
emissions relative to other gas evasion processes in
wetlands, in particular, given that c. 60% (Matthews &
Fung, 1987; Prigent et al., 2007) of wetlands globally are
forested.
Spatial and seasonal variations in CH4 emissions
from northern wetlands are driven by variations in
temperature, water-table depth and plant species com-
position (e.g. Whiting & Chanton, 1992; Christensen
et al., 2000, 2003; Str€om et al., 2003, 2005). Seasonal vari-
ations in tree-mediated CH4 emissions and their pri-
mary drivers are yet to be characterised in forested
wetlands.
In this study, we measured CH4 emissions from trees
and peatland surface (ponded hollows and hummocks)
in a temperate forested wetland to quantify the relative
contribution of different CH4 transport pathways to
total annual flux. Measurements of tree-mediated CH4
emissions were focused on two wetland-adapted tree
species, Alnus glutinosa and Betula pubescens, which
were dominant at the site and occur extensively
throughout forested riparian wetlands in the northern
hemisphere. We hypothesised that: (i) wetland trees
adapted to anoxic soil transport significant quantities
of CH4 via stems; (ii) CH4 emission rates from trees
vary seasonally due to changes in environmental vari-
ables that regulate tree growth and soil production of
CH4; and (iii) CH4 emission characteristics vary
between tree species because of differences in morpho-
logical adaptations
Materials and methods
Site description
Methane emissions were measured in a temperate spring-fed
forested peatland (c. 59 ha) located in Flitwick, Bedfordshire,
UK (52°00N, 0°280W), about 45 miles north of London. This
site has been previously described by Gauci et al. (2010) but
briefly consists of a valley mire system of alkaline fen, acidic
spring mosaic fens, meadows and wet woodlands. The aver-
age summer and winter temperatures are 15.5 °C and 3.9 °C,
respectively, and the 10-year (2002–2012) precipitation aver-
age is 647 mm yr1 with 576 mm yr1 falling during the
study period. The observation period from April 2011 to
April 2012 was atypical because of a longer than normal
growing season, a late autumn and a short and relatively
warm winter.
The wetland is dominated by Alnus glutinosa (L.) Gaertner
and Betula pubescens (Ehrh), with A. glutinosa more abundant
in some parts of the wetland. The forest understorey consists
of large stands of Phragmites australis, Typha latifolia, Holcus
lanatus, Lythrum salicaria, Scrophularia auriculata, Alisma plan-
tago-aquatica, Potamogeton spp., Carex spp. and Sphagnum spp.
The system is spring-fed water, and the water-table level is
near the soil surface year round, including within hummocks.
River Flit, which is susceptible to occasional flooding, flows
through the peatland.
Study plot
A 20 9 30 m plot was selected on the south-east side of the
peatland, which contained 10- to 20–m-tall mature A. glutinosa
and B. pubescens. In addition, P. australis and Carex spp. were
abundant and present predominantly on hummocks. Loca-
tions of trees and the distribution of hollows and hummocks
(vegetated and nonvegetated) were mapped within the plot.
The relative distribution of hummocks and hollows was
approximately 65% and 35%, respectively, and remained
unchanged during the observation period. The stem diameter
of mature trees (≥ 7 cm) was measured at 1.3 m height (diam-
eter at breast height, DBH), and the basal diameter was esti-
mated by measuring the stem diameter at 10 cm above the
soil surface. The distribution, stem and basal diameters of
© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12891
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young trees ≤ 7 cm also were measured and included in the
tree density inventory for the site. Approximately 92% of trees
measured had a DBH ≤ 20 cm (Fig. S1).
Phenology within the study plot was regularly docu-
mented during the observation period. New understorey veg-
etation started to appear in late April 2011, grew to full
height (1.2 m) in May and entered dormancy in November.
Fully expanded tree leaves appeared at the beginning of May
2011 on both A. glutinosa and B. pubescens. Autumnal leaf
senescence occurred in November 2011 followed by vegeta-
tive dormancy between December 2011 and February 2012.
Early bud burst and understorey vegetation growth began in
March 2012, and fully expanded leaves were observed by the
end of April 2012.
Measurement of CH4 flux
Static chambers were used to measure CH4 emissions from
tree stems, and peatland hollows and hummocks (vegetated
and nonvegetated) fortnightly from April 2011 to April 2012
with the exception of January and February 2012 when mea-
surements were conducted monthly. Static chambers used to
measure CH4 emissions from nonvegetated hollows and
hummocks (six each) were constructed of polyvinyl chloride
(PVC) pipe (30 cm diameter 9 25 cm height) permanently
inserted 5 cm into peat. A transparent lid (30 cm diameter 9
1.5 cm thickness) equipped with a pressure regulator and
sampling port was used to seal the soil camber prior to col-
lection of gas samples. Measurement of CH4 emissions from
vegetated hollows and hummocks (four each) required taller
soil chambers, which were constructed of circular aluminium
wire mesh sandwiched between two sheets of gas-imperme-
able fluorinated ethylene propylene (FEP; Adtech Polymer
Engineering Ltd., Stroud, UK) film (36 cm diameter 9
140 cm height) permanently inserted 10 cm into the soil sur-
face, enclosing both vegetation and the soil surface. An
acrylic lid (36 cm diameter 9 0.8 cm thickness) fitted with a
pressure regulator and sampling port was used to seal the
static chambers. The two herbaceous species (mix of P. aus-
tralis and Carex spp.) enclosed within all the 8 chambers
grew to a full length of 1.2 m; therefore, there was no need
to bend or cut the vegetation to enclose them within the
chamber. The average ratio of P. australis to Carex spp.
within each of the chamber was 50 : 50. The soil chambers
were installed two weeks prior to the experiment and were
left in place until the end of the experiment. Soil chambers
were closed carefully to minimise disturbance. Data that dis-
played evidence of induced ebullition at t = 0 were rejected
(~8% of samples collected).
Static chambers used to measure CH4 emissions from tree
stems have been described previously by Pangala et al. (2013).
Briefly, cubical static chambers (30 9 30 9 30 cm) were con-
structed from gas-impermeable acrylic sheets and fitted with a
gas sampling port and pressure regulator. The cubes were cut
into half and connected with hinges and spring clips. A round
central opening (20 cm diameter) was cut into the chamber to
accommodate the tree stem. An airtight seal was formed
between the chamber and the tree stem using closed cell
neoprene foam strips (5-cm wide) and gas-impermeable FEP
plastic sheets.
Methane emissions from stems of A. glutinosa and
B. pubescens (eight trees each) that had a DBH in the range
of 7.5 to 19.5 cm were measured at 20–50 cm, 60–90 cm and
100–130 cm above the soil surface. Methane emissions were
measured at an additional stem height of 140 to 170 cm for
two trees of each species on each sampling visit to investi-
gate emission trends along tree stems. During each measure-
ment, CH4 emissions were measured simultaneously at
three stem height from two trees (different tree species) situ-
ated within a 2 m radius. This approach enabled compari-
son of CH4 emissions at different stem heights within
species and between A. glutinosa and B. pubescens at specific
stem heights.
Two other experiments were performed in addition to the
annual emission monitoring. Methane emissions from an
additional 30 trees (18 9 B. pubescens and 12 9 A. glutinosa)
that had DBH ranging from 7 to 19 cm were measured at three
stem heights in August 2011 to assess (i) spatial variability of
stem CH4 emissions within the plot, and (ii) controls affecting
CH4 emissions. Secondly, during September 2011, November
2011, January 2012 and April 2012, CH4 emissions were mea-
sured at 10-cm intervals between 5 and 175 cm stem height
from young trees (stem diameter of 3–7 cm) of both A. glutin-
osa and B. pubescens (8 trees each) to compare stem fluxes with
mature trees. These data also were used to estimate stem CH4
emissions from young trees in the study plot during summer,
autumn, winter and spring because young trees were not
included in the fortnightly measurements.
The concentration of CH4 in pore water was measured
using pore-water equilibrators installed at five locations
within the study plot: two in hummocks and three in hollows.
Briefly, gas-permeable silicon tubing (8 mm diameter) was
wrapped in 5-cm interval slots cut into a PVC column (80 cm
long) at 11 depths (5, 10, 15, 20, 25, 30, 40, 50, 60, 70 and
80 cm). The internal volume of silicon tube was ~17 cm3 for
each 5-cm interval in contact with pore water. Both ends of
the silicon tube were fitted with a barbed nylon reduction fit-
ting to which a length of gas-impermeable polyurethane tub-
ing (3 mm diameter) was attached and extended to the
ground surface. One end of the polyurethane tube was fitted
with a three-way gas-tight valve that enabled gas to be sam-
pled from specific depths using gas-tight syringes. The second
polyurethane tube was sealed with a nylon plug. The thick-
walled PVC column tube provided the necessary surface and
support for the silicon tubes to be installed at specific depth.
The pore-water samplers were installed in May 2011, and the
replicates of 4.5 ml gas samples were extracted from 11 soil
depths monthly beginning July 2011. The gas samples were
transferred and stored in evacuated 4.5 ml Exetainers (Labco
Ltd, Ceredigion, UK).
During August 2011, when stem CH4 emissions were mea-
sured from an additional 30 trees, temporary pore-water sam-
plers were installed within a 1-m radius of the trees that were
sampled. The design of the temporary pore-water samplers
and method of their use have been reported previously by
Gauci et al. (2002). The pore-water samplers were used to
© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12891
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extract soil water from 20 to 30 cm soil depth for analysis of
CH4 concentration.
CH4 analysis
The gas samples extracted from the static chambers (t = 5, 20,
40, 60, 80 min for tree stems and t = 5, 15, 30, 45 min for peat
surface) using a plastic syringe (30 ml) were transferred
immediately into pre-evacuated 12 ml Exetainers (Labco ltd,
Ceredigion, UK). The gas samples extracted from the pore-
water equilibrators were transferred into pre-evacuated 4.5 ml
Exetainers, and all the gas samples were analysed for CH4
within two weeks after sampling. Methane concentrations
from gas samples obtained in situ were determined using a
cavity ring down laser spectroscopy (Los Gatos Research
RMA-200 Fast Methane Analyser; Los Gatos Research, Moun-
tain View, CA, USA) modified to employ the ‘closed-loop’
principle described by Baird et al. (2010). The CH4 emission
rate was calculated using the rate of increase of CH4 within
the chamber, the CH4 emitting surface area and the volume of
the chamber. Fluxes calculated from gas samples that dis-
played either nonlinearity or step changes in gas concentration
(~12% of gas samples analysed) were included but classified
as emissions via ebullition. Pore-water CH4 concentrations
were calculated using Henry’s gas law. Methane fluxes per
plot for each month were estimated as described by Pangala
et al. (2013) using the net CH4 fluxes measured in this study
(monthly average) and the corresponding CH4 emitting sur-
face area. Therefore, the stem CH4 emission rates per tree var-
ied monthly.
Environmental parameters
Two thermocouples (Type T Thermocouple, RS components
Ltd., Corby, UK) were installed at 30 cm soil depth at two
locations within the plot, each with hollows and hummocks,
which recorded soil temperature. The soil–water temperature
at the surface was also recorded at two locations in hollows
(64K HOBO Pendant Temp Logger, Tempcon Instrumenta-
tion, West Sussex, UK). Additionally, on each measurement
occasion, air temperature, relative humidity and atmospheric
pressure also were recorded using a hand-held probe (TR-73U
thermo recorder, T & D Corporations, Nagano, Japan). Within
the study plot, two piezometers (2.5-cm-diameter PVC pipes
with 0.5-cm holes drilled at various intervals) were installed
each within hollows and hummocks, and water-table levels
were measured manually on each measurement occasion. Due
to the upwelling hydrology, the water-table always stayed at
the surface in the hollows (average of 3.5 cm above soil sur-
face) and fluctuations were small in hummocks, with a maxi-
mum water-table drawdown of 14.5 cm measured in the
hummocks (May 2011). Incident photosynthetically active
radiation (PAR) was recorded three times during each sam-
pling visit using a quantum sensor (Skye Instruments Ltd.,
Powys, UK) at a location c. 750 m from the study plot and for-
est canopy.
An increment borer that had an internal diameter of
5.1 mm (Hagl€of Sweden AB, Langsele, Sweden) was used to
extract wood samples at stem heights of 35, 75, 115 and
130 cm from B. pubescens (26 samples) and A. glutinosa (20
samples). The wood samples were collected after flux mea-
surements were concluded in June 2012. Specific density of
the wood was determined based upon its dry mass and vol-
ume as described by Pangala et al. (2013).
Statistical analysis
Statistical analyses were performed using SPSS v.19 (SPSS,
Chicago, IL, USA) at a significance level of P ≤ 0.05. All val-
ues presented are mean  SE. Data sets were first tested for
the following: (i) normal distribution using a Shapiro–Wilk
test; (ii) equality (homogeneity) of variances in different
subpopulations using Levene‘s test; and (iii) outliers using
box-plots. Methane emissions from vegetated hollows and
the three stem heights for B. pubescens were not normally
distributed. A variety of data transformations were
attempted, but none was able to meet the criteria for normal
distribution. Consequently, the nonparametric Kruskal–Wal-
lis test was used to compare averages of CH4 flux from each
pathway for each sampling visit followed by group compari-
sons using the Mann–Witney U-test. Relationships between
CH4 emissions from stem and soil surfaces (vegetated and
nonvegetated), and independent variables were analysed
using univariate regression analysis. Only data collected
when both dependant and independent variables were mea-
sured were included in this analysis. This resulted in all
dependant variables meeting the assumption of regression
analysis. Stepwise multiple regression analysis was used to
identify best explanatory variables. Soil temperature and air
temperature were highly correlated (R = 0.98), and therefore,
only soil temperature at 30 cm depth was used in multiple
regression analysis. Means of stem CH4 emissions measured
from an additional 30 trees in August were compared using
a t-test. Relationships between stem diameter, wood-specific
density, pore-water CH4 concentration and stem CH4 emis-
sions were examined using regression analysis and a mixed
model.
Results
Stem CH4 emissions
Both A. glutinosa and B. pubescens released significant
quantities of CH4 via stems during the observation per-
iod. Fluxes varied significantly with time (P < 0.001) and
between the two species (Fig. 1). Stem CH4 emission
rates were similar for trees located in hollows and hum-
mocks (P = 0.164 for A. glutinosa; P = 0.279 for B. pubes-
cens), and flux measurements from an additional 30 trees
in August 2011 further support this observation. In
August, average CH4 fluxes from hollows and hum-
mocks, respectively, were 188  21.4 lg m2 h1 and
174  8.64 lg m2 h1 for B. pubescens (n = 18) and
were 178  6.3 lg m2 h1 and 166  13.8 lg m2 h1
A. glutinosa (n = 12). Stem CH4 fluxes measured from
© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12891
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the additional 30 trees did not differ significantly
(P = 0.332 for A. glutinosa; P = 0.418 for B. pubescens)
during August from CH4 emission rates for the eight
trees investigated throughout the study, supporting the
assumption that the latter trees were representative of
the study plot as a whole.
Stem CH4 emission rates varied seasonally
(P < 0.0001) and differed between A. glutinosa and B.
pubescens. Stem CH4 flux from A. glutinosa increased
from April to June, stayed relatively constant between
July and October, increased in November to a peak of
194  21 lg m2 h1, and then decreased from late
December to March. Although emissions from B. pubes-
cens displayed similar patterns to A. glutinosa between
April and October, rates of stem emission decreased in
November and then remained relatively constant until
March (Fig. 1). In general, stem CH4 emission rates
from both the tree species were lower in winter. The
highest rates of stem CH4 flux from A. glutinosa and B.
pubescens and the timing of their occurrence were
194  21 (November) and 216  22 lg m2 h1 (July),
respectively (Fig. 1).
Stem CH4 emissions from B. pubescens were signifi-
cantly higher in the summer (June–August) than from
A. glutinosa, while the opposite was true in autumn
(September–November) and winter (December–Febru-
ary). Furthermore, the seasonality of stem emissions
was more pronounced from B. pubescens than A. glutin-
osa. Stem CH4 emission rates from A. glutinosa were
175  14 lgm2 h1 in summer, which was 1.5 times
greater than winter emission rates (118  16
lgm2 h1). However, summer stem fluxes (203 
21 lg m2 h1) from B. pubescens were 3.8 times greater
than winter stem fluxes (53.5  10 lg m2 h1).
Stem CH4 emissions within and between the two tree
species were highly variable. In general, the rates of
stem CH4 flux decreased with stem height in both the
tree species. However, the relationship between stem
emission rate and stem height varied for B. pubescens
throughout the observation period. Between April and
October, a power function relationship between stem
height and CH4 flux was observed for both the tree spe-
cies. Between November and March, stem emissions
were related linearly to stem sampling height in B. pu-
bescens, while A. glutinosa continued to display a power
function relationship (Table S1). Stem CH4 emissions
measured at the fourth stem height (140–170 cm above
the peatland surface) were consistent with relationships
observed for the three lower sampling heights.
Methane fluxes from young A. glutinosa and B. pubes-
cens were significantly greater than emission rates from
mature trees during all months (Fig. 2) although the
magnitude of difference varied for the two species
(Fig. 2). In September, young A. glutinosa released
2242  347 lg m2 h1 from stem heights 5 to 35 cm
stem height c.14 times more than mature A. glutinosa
(160  14 lg m2 h1 from 20 to 50 cm stem height).
Similarly, young B. pubescens released c. 6.5 times more
CH4 than mature trees, averaging 1248  228 lg
m2 h1 and 194  16 lg m2 h1, respectively, for the
same stem height intervals. The size of the difference in
stem CH4 emission rates between mature and young
trees decreased for B. pubescens in November and Janu-
ary but stayed relatively constant for A. glutinosa dur-
ing the same period. Notably, the relationship between
CH4 emission rate and stem height was linear for
young trees of both species (Table S2) in contrast to the
power function relationship observed in mature trees.
Fig. 1 Mean stem CH4 fluxes (SE; n = 8) from mature A. glutinosa and B. pubescensmeasured at 20 to 50 cm stem height above the soil
surface between April 2011 and April 2012.
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Nontree CH4 emission pathways
Vegetated soil surfaces (hollows and hummocks)
released significantly more CH4 than nonvegetated sur-
faces during the growing season (Fig. 3). Methane
emissions from hollows (vegetated and nonvegetated)
and hummocks (nonvegetated) showed a typical sea-
sonal pattern during the measurement period (Fig. 3)
with the exception of an additional emission peak
observed in hollows (nonvegetated) in November soon
after autumnal leaf loss. Methane emissions from hol-
lows (vegetated and nonvegetated) reached their maxi-
mum in summer (June–September) when water and
soil temperatures were highest. As soil and water tem-
peratures decreased, CH4 emission rates from hollows
declined and became negligible when soil temperature
was < 5 °C (December–February). Methane fluxes from
vegetated hummocks and hollows ranged from
negligible in winter to maxima of 524  74 lg m2 h1
and 774  67 lg m2 h1, respectively, in summer.
Although CH4 emissions from hummocks (vegetated
and nonvegetated) followed a similar pattern, flux rates
were more variable due to their response to fluctuations
in water-table levels. Methane emission rates from veg-
etated soil surfaces (hollows and hummocks) were
greater than tree-stem CH4 fluxes from May to Novem-
ber but were significantly smaller in winter (December–
February).
Ecosystem contributions
Hollows (nonvegetated) and hummocks (vegetated)
contributed the most to total CH4 flux from the study
plot because of their high rates of CH4 emission and
larger surface area (Table 1). The contributions of tree-
mediated CH4 emissions (based upon lowest 3 m of
stem) varied from 5.73  0.59 g ha1 day1 in summer
to 2.08  0.31 g ha1 day1 in winter. However, esti-
mating tree CH4 emissions based upon an average tree
height of 10 m and the linear and power function rela-
tionships in Table 1 increased the flux rates to
10.8  1.1 g ha1 day1 in summer and 4.23  0.58 g
ha1 day1 in winter. Inclusion of CH4 emissions from
young trees increased rates further to 13.2  1.34 g
ha1 day1 in summer and 5.65  0.9 g ha1 day1 in
winter (Table 1). The relative contributions of each CH4
emission pathway to total ecosystem flux varied with
season. The proportion of herbaceous plant-mediated
CH4 flux (vegetated hollows and hummocks) decreased
from summer to winter. In contrast, tree-mediated CH4
emissions displayed the opposite trend, increasing
from summer (8.8–13.5%) to winter (17–25% winter;
young trees included in both estimates) with the largest
contribution from trees occurring during spring
(11–27%; Table 1). Notably, summer CH4 emissions
comprise the bulk of total annual CH4 emissions
(~40.7%), whereas winter emissions constitute only 9%.
Environmental controls on CH4 emissions
Pore-water CH4 concentration varied significantly with
soil depth and differed between hollows and hum-
mocks (Fig. 4; three months averaged). Pore-water CH4
concentration in hummocks was lower than in hollows,
but measurable concentrations were observed at 15 to
70 cm beneath the hummock surface at all times. The
concentrations between 5 and 20 cm depth differed
with variations in water-table level. In hollows, the
highest and lowest concentrations were measured
(a)
(b)
Fig. 2 Mean stem CH4 fluxes (SE; n = 8) from young and
mature (a) A. glutinosa and (b) B. pubescens measured at 5 to
35 cm and 20 to 50 cm stem height above the soil surface, for
young and mature trees, respectively.
© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12891
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between 15 to 30 cm and 60 to 80 cm, respectively.
Pore-water CH4 concentrations between 5 and 40 cm
depth in hollows fluctuated seasonally and variations
in hollows between 20 and 40 cm depth related posi-
tively with changes in soil temperature. In contrast,
CH4 concentrations between 5 and 15 cm depth in hol-
lows did not change notably with shifts in soil tempera-
ture but instead increased in November and remained
relatively high until February. The increase in shallow
pore-water CH4 concentration in November coincided
with an increase in CH4 emissions from A. glutinosa
stems and nonvegetated hollows. Pore-water CH4 con-
centration measured between 20 and 25 cm soil depth
in hollows accounted for a significant proportion of sea-
sonal variation in CH4 emissions from A. glutinosa
(75%), B. pubescens (69%), vegetated (72%) and nonveg-
etated hollows (48%) (Table S3). Variations in CH4
emission rate from vegetated hummocks was explained
largely by variations in pore-water CH4 concentration
at 10–20 cm and 40–50 cm soil depth (Table S3).
Soil and air temperature were important regulators
of seasonal variations in CH4 emissions from all path-
ways (Tables S3, S5, S6). Emission rates from hollows
(vegetated and nonvegetated), hummocks (vegetated)
and stems of A. glutinosa and B. pubescens varied expo-
nentially in relation to changes in soil and air tempera-
ture (Table S3). Water-table fluctuations exerted a
strong control on CH4 flux from hummocks (vegetated
and nonvegetated) but had a minor influence on CH4
emissions from A. glutinosa and B. pubescens, and hol-
lows (vegetated and nonvegetated) due to a consis-
tently high water-table level. The results of stepwise
multiple regression analysis varied for the different
CH4 emission pathways (Table S5, S6) but in general
showed that soil temperature and pore-water CH4 con-
centration explained most of the seasonal variation in
CH4 flux rate for all pathways, including tree-stem CH4
emissions. Changes in water-table level explained vari-
ations in CH4 emission rates only from hummocks
(vegetated and nonvegetated).
Wood-specific densities at four stem heights in A.
glutinosa and B. pubescens are listed in Table 2. The con-
tribution of stem diameter, wood-specific density and
pore-water CH4 concentrations to differences in CH4
emissions from A. glutinosa and B. pubescens stems is
reported in Table S4. Wood-specific density generally
increased with stem height but varied among tree spe-
cies, and was statistically different between A. glutinosa
and B. pubescens at the three stem heights that were
sampled. However, pore-water CH4 concentrations and
stem diameters were similar between the two tree spe-
cies but varied within trees of the same species. Stem
diameter and wood-specific density were negatively
related to stem CH4 emission rates from both tree spe-
cies. The relationship was strongest at 20 to 50 cm stem
height (Table S4). Pore-water CH4 concentration was
positively related to stem CH4 fluxes from A. glutinosa
and B. pubescens. While wood-specific density and
pore-water CH4 concentration mostly explained
between-species differences, all three variables (pore-
water CH4 concentration, wood-specific density and
stem diameter) contributed to within-species variations
in stem CH4 flux (Table S4, S5, S7).
Discussion
Our findings demonstrate that tree-mediated CH4 emis-
sions contribute significantly to ecosystem CH4 flux (6
Fig. 3 Mean CH4 fluxes (SE) from hollows (vegetated; n = 4), hummocks (vegetated; n = 4), hollows (nonvegetated; n = 6) and hum-
mocks (nonvegetated; n = 6).
© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12891
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to 22% excluding and 9 to 27% including young trees;
Table 1) and that the largest contribution from trees
occurs during spring and winter (Table 1). The propor-
tion of ecosystem flux is notable given that trees occupy
less than 2% of the ground area in the study plot. A.
glutinosa and B. pubescens stems released significant
quantities of CH4 throughout the year, but the magni-
tude and pattern of the emissions differed between the
two species. Wetland vegetation has long been known
to impact CH4 emissions by influencing its production,
consumption and transport (Whiting & Chanton, 1992;
Christensen et al., 2003; Str€om et al., 2003); however, the
role of wetland-adapted trees in mediating CH4 flux
has only been recognised during the last decade (Rusch
& Rennenberg, 1998; Vann & Megonigal, 2003; Gauci
et al., 2010; Rice et al., 2010; Pangala et al., 2013, 2014).
This study provides the first assessment of the contri-
butions of trees to ecosystem CH4 flux over a full
annual cycle in relation to other CH4 emission path-
ways.
Methane emissions through herbaceous plants situ-
ated in hollows and hummocks was the largest contrib-
utor to ecosystem CH4 flux during the growing season
(Table 1), consistent with other studies that have noted
the importance of CH4 transport via herbaceous plants
(e.g. van der Nat et al., 1998; Gr€unfeld & Brix, 1999;
Str€om et al., 2003). Phragmites australis and Carex spp.,
the two dominant graminoid species at Flitwick Moor
(our study site), are well known for their capacity to
mediate CH4 emissions (Morrissey et al., 1993; Ding
et al., 2005; Bergstr€om et al., 2007). These plants covered
35% of the soil surface within the study plot in compar-
ison with c. 2% for A. glutinosa and B. pubescens. The
large proportion of area covered by P. australis and Ca-
rex spp. will have contributed to their dominance of eco-
system CH4 flux, but the species also are known for
their propensity to transport CH4 via well-developed
aerenchyma and to release labile root exudates enhanc-
ing rates of soil CH4 production (Sutton-Grier & Me-
gonigal, 2011). Consequently, late spring and summer
CH4 emissions were dominated by herbaceous plant-
mediated transport (> 48%), while a greater quantity of
CH4 flux was derived from nonvegetated hollows dur-
ing autumn and winter. The shift in ecosystem contri-
bution from the different sources likely was due to
autumnal senescence of P. australis and Carex spp.,
which reduced CH4 transport via herbaceous plants
(van der Nat et al., 1998).
This study and findings reported by Pangala et al.
(2013) provide conclusive evidence for the significance
of tree-mediated CH4 emissions in both tropical and
temperate ecosystems. Interestingly, rates of tree-medi-
ated CH4 flux per hectare from mature trees were simi-
lar in the two studies (5.7  0.6, summer fluxes in this
study; 6.7  0.7 g ha1 day1, Pangala et al., 2013), but
the contribution of trees to ecosystem CH4 flux differed
greatly (9 to 27%, this study; 62 to 87%, Pangala et al.,
2013). The difference results from the small contribu-
(a)
(b)
Fig. 4 Pore-water CH4 concentrations (SE) measured at ele-
ven soil depths (5 to 80 cm below the soil surface) in (a) hollows
(n = 3), and (b) hummocks (n = 2).
Table 2 Wood-specific density (g cm3) for Alnus glutinosa
(n = 20) and Betula pubescens (n = 26).
Stem height (cm) Alnus glutinosa Betula pubescens
35 0.495  0.023 0.645  0.021
75 0.506  0.015 0.671  0.019
115 0.520  0.027 0.680  0.025
130 0.527  0.019 0.691  0.028
© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12891
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tion of nontree CH4 emission sources in the tropical
peat swamp forest where the understorey lacked the
abundance of herbaceous plants present at Flitwick
Moor.
Methane flux from nonvegetated hollows also con-
tributed significantly to total ecosystem flux in Flitwick
Moor because the upwelling hydrology of the system
maintained a high water-table level, restricting methan-
otrophy to a thin (<5 cm) vadose zone. In contrast, up
to 90% of soil CH4 was oxidised in the SE Asian tropi-
cal forested wetland where the unsaturated zone was
much thicker (0–50 cm), resulting in only small
quantities of CH4 being released at the soil surface
(Couwenberg et al., 2010). Under such conditions, the
contribution of tree-mediated CH4 emissions to ecosys-
tem flux became dominant (Pangala et al., 2013). Nota-
bly, measurements at Flitwick Moor demonstrating that
young trees emit substantially more CH4 than mature
trees suggest that the contribution of tree-mediated
CH4 emissions to ecosystem flux estimated by Pangala
et al. (2013) is a conservative estimate for tropical peat
swamp forest as it was based primarily on measure-
ments from mature trees.
Seasonal variations in stem CH4 emission rates from
A. glutinosa and B. pubescens were similar to emission
characteristics for soil surfaces at Flitwick Moor and
more generally, seasonal patterns reported for other
temperate wetlands: CH4 fluxes were highest in sum-
mer and low but detectable in winter (e.g. Dise et al.,
1993; Alm et al., 1999; Kankaala et al., 2005). Tree-stem
CH4 emissions appear to be regulated strongly by tem-
perature (Table S3, S5), which influences both soil CH4
production (Hosono & Nouchi, 1997) and plant produc-
tivity (Kim et al., 1999; Kankaala et al., 2005). This asser-
tion is supported by (i) a strong positive relationships
between stem CH4 emission rates and temperature
(both soil and air) and pore-water CH4 concentrations
between 20 and 25 cm depths; (ii) enhanced CH4 emis-
sion rates from A. glutinosa and B. pubescens in spring
and early summer during the rapid growth phase; and
(iii) decreased CH4 emission rates during the dormant
season (Fig. 1).
Methane emission rates from wetlands are influenced
by water-table depth (e.g. Moore & Roulet, 1993; Wadd-
ington et al., 1996; Elberling et al., 2011). As a result,
pore-water CH4 concentrations measured in hummocks
were smaller than hollows, which appeared to affect
CH4 emission rates at the peat surface (vegetated and
nonvegetated hummocks), possibly as a result of
greater CH4 oxidation due to a larger aerobic unsatu-
rated zone. However, water-table fluctuations had a
minimal impact on stem CH4 emission rates. The
upwelling hydrology of Flitwick Moor is likely respon-
sible for relatively high concentrations of CH4 in
hummocks between 30 and 40 cm depth (Fig. 4), which
may have supported persistent CH4 emissions from
trees rooted in the hummocks. Methane may have
entered extensive networks of lateral and vertical roots
within the zone of CH4 production or have been inter-
cepted during upward migration via diffusion. Wadd-
ington et al. (1996) have demonstrated that the
magnitude of plant-mediated CH4 emissions under
varying water-table conditions is dependent on plant
rooting depth; however, the absence of a difference
between stem CH4 flux rates for trees rooted in hollows
vs. hummocks, despite a higher pore-water CH4 con-
centration in hollows (between 20 and 40 cm depth;
Fig. 4), suggests that tree rooting depth and networks
alone are insufficient to explain our observations at Flit-
wick Moor.
Environmental conditions experienced by A. glutinosa
and B. pubescens were similar, but the two species dis-
played different rates and patterns of CH4 flux, sug-
gesting that physiological factors specific to tree species
may influence stem CH4 fluxes. For example, seasonal
variation in stem CH4 flux was less pronounced in A.
glutinosa and an additional period of elevated CH4
emission rates was observed in autumn after leaf loss
when air and soil temperature were relatively low. An
autumnal peak in CH4 flux was not observed in B. pu-
bescens and emissions decreased immediately after leaf
loss (Fig. 1). The relationship between the stem height
and CH4 emissions also varied between A. glutinosa
and B. pubescens with a linear relationship occurring for
part of the year in the latter but not the former species
(Table S1). Differences in stem CH4 emission character-
istics could result from a number of factors known to
influence both pre- and postproduction of CH4 (Sutton-
Grier & Megonigal, 2011), involving complex above-
and below-ground interactions.
First, different CH4 transport mechanisms in plants,
more specifically passive diffusion vs. convective trans-
port, can influence rates of plant-mediated CH4 flux
(Whiting & Chanton, 1996; Sutton-Grier & Megonigal,
2011). Species-specific differences in modes of CH4
transport are well documented for a number of wet-
land plants (e.g. Brix et al., 1992; Chanton et al., 1993;
van der Nat et al., 1998; Kim et al., 1999). It is possible
that A. glutinosa and B. pubescens utilise different CH4
transport mechanisms or a combination of passive dif-
fusion and convective transport. Pangala et al. (2014)
reported no distinct diurnal pattern in stem CH4 emis-
sions from four-year-old A. glutinosa, suggesting that
stem gas transport was driven mainly by passive diffu-
sion. The young saplings also exhibited no relationship
between stem CH4 emissions and leaf physiological
parameters. Gas transport primarily via passive diffu-
sion through stems of A. glutinosa is consistent with the
© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12891
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absence of a decrease in stem CH4 emissions after leaf
loss. The sudden decrease in emissions from B. pubes-
cens after leaf loss (Fig. 1) suggests physiological con-
trol on gas transport, most likely convective/
transpiration driven gas transport; however, further
work is required to identify the precise mechanisms
involved.
Second, wetland vegetation can attenuate CH4 pro-
duction in the rhizosphere due to release of O2 that
stimulates methanotrophy (van der Nat et al., 1998; Jo-
absson & Christensen, 2001) and regeneration of alter-
nate electron acceptors (Bouchard et al., 2007; Sutton-
Grier & Megonigal, 2011). A number of studies report
the influence of different types of vegetation on CH4
production and emission (e.g. Reay et al., 2005; Meny-
ailo et al., 2012). Considering the limitations of this
study (measurements not performed within close prox-
imity of the trees during the observation period and no
direct measurements of CH4 oxidation), further work is
required to identify the tree species-specific effect on
CH4 oxidation.
Third, release of labile carbon compounds and nutri-
ents via root exudation, root turnover and leaf litter
stimulating CH4 production (Brix et al., 2001; Str€om
et al., 2003, 2005; Dorodnikov et al., 2011) is known to
differ between different wetland plants. The type of
organic compounds (e.g. organic acids, sugars, acetate,
phenolics and amino acids), quality (e.g., C/N in root
exudates, root tissues and leaf litter; Sj€ogersten et al.,
2010; Sutton-Grier & Megonigal, 2011) and quantity of
these substrates also are known to be species depen-
dent (Grayston et al., 1997). Although no direct evi-
dence of species-specific differences in the release of
substrates is available from this study, an increase in
stem CH4 emissions and pore-water CH4 concentra-
tions at 5–30 cm soil depth observed during autumn
(Fig. 4) likely was due to increased substrate availabil-
ity through autumnal leaf fall and root turnover (Wil-
son et al., 1989).
Lastly, differences in wetland vegetation architecture
(e.g. their anatomical, morphological and physiological
properties) can affect both CH4 production via differ-
ences in O2 and carbon inputs (Gr€unfeld & Brix, 1999;
Colmer, 2003a,b; Dinsmore et al., 2009) and CH4 trans-
port (Greenup et al., 2000; Henneberg et al., 2012). Spe-
cies-specific differences in above- and below-ground
biomass are known to be better predictors of CH4 flux
than abiotic factors (Greenup et al., 2000; Henneberg
et al., 2012). Wood-specific density at different stem
heights varied within and between the two tree spe-
cies but on average was greater for B. pubescens than
A. glutinosa. Nonetheless, wood-specific density dis-
played an inverse relationship with stem CH4 emis-
sions from both tree species at three sampling heights
(Tables S4, S7). These observations offer a useful link
between tree species traits and stem CH4 emissions,
suggesting that trees with increased pore spaces (i.e.
as indicated by lower wood density) transport more
CH4. Notably, if wood-specific density was the key
factor controlling species differences in stem CH4
emission rates, then flux from A. glutinosa should have
exceeded that of B. pubescens at all times. Total annual
CH4 emissions from A. glutinosa were greater, but
stem CH4 fluxes were higher from B. pubescens both in
summer and during the one-off sampling from addi-
tional trees in August, suggesting no single factor
exerted a dominant control on emission characteristics
in these two tree species.
Our results indicate that tree-stem CH4 emissions are
controlled by more than temperature and the concen-
tration of CH4 dissolved in pore water. Tree-mediated
CH4 emissions contributed up to 27% of ecosystem
CH4 flux with significant stem CH4 emissions observed
even during the leafless season. Moreover, emissions
from young trees exceeded that of mature trees by
orders of magnitude. These results highlight the need
for further work to accurately characterise and fully
integrate the tree emission pathway into ecosystem and
global CH4 budgets. Furthermore, the response of tree-
mediated CH4 emissions in a changing environment
(e.g. increased rainfall, thawing permafrost and increas-
ing atmospheric CO2) warrants further investigation.
This is because it has been suggested that warming
northern latitudes will promote enhanced tree growth
and colonisation (Hartley et al., 2012), enhancing rates
of carbon mineralisation (Dorrepaal et al., 2009) and
ultimately CH4 production. Further mechanistic studies
of all CH4 emission pathways, including tree-mediated
CH4 emissions in forested wetlands, are imperative for
understanding the future response of CH4 dynamics in
wetlands to climate change.
Acknowledgements
The study was funded by an OU Studentship to SRP (via VG).
We are grateful to Graham Howell, Carl Boardman and Ani
Dwarakanath for laboratory and fieldwork assistance. We also
thank Andy Fleckney from the Wildlife Trust in Bedfordshire
for access to Flitwick Moor. VG is grateful for support provided
by the Royal Society to purchase the CH4 analyser.
References
Alm J, Saarnio S, Nyk€anen H, Silvola J, Martikainen PJ (1999) Winter CO2, CH4 and
N2O fluxes on some natural and drained boreal peatland. Biogeochemistry, 44, 163–
186.
Aydin M, Verhulst KR, Saltzman ES et al. (2011) Recent decreases in fossil-fuel emis-
sions of ethane and methane derived from firn air. Nature, 476, 198–201.
Baird AJ, Stamp I, Heppell CM, Green SM (2010) CH4 flux from peatlands: a new
measurement method. Ecohydrology, 3, 360–367.
© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12891
TREE CONTRIBUTIONS TO ECOSYSTEM CH4 EMISSIONS 11
Bartlett KB, Crill PM, Sebacher DI, Harriss RC, Wilson JO, Melack JM (1988) Methane
flux from the central Amazonian floodplain. Journal of Geophysical Research: Atmo-
spheres, 93, 1571–1582.
Bastviken D, Tranvik LJ, Downing JA, Crill PM, Enrich-Prast A (2011) Freshwater
methane emissions offset the continental carbon sink. Science, 331, 50.
Bergamaschi P, Frankenberg C, Meirink JF et al. (2007) Satellite chartography of atmo-
spheric methane from SCIAMACHY on board ENVISAT: 2. Evaluation based on
inverse model simulations. Journal of Geophysical Research: Atmospheres, 112,
D02304.
Bergstr€om I, M€akel€a S, Kankaala P, Kortelainen P (2007) Methane efflux from littoral
vegetation stands of southern boreal lakes: An upscaled regional estimate. Atmo-
spheric Environment, 41, 339–351.
van Bodegom PM, Groot T, van den Hout B, Leffelaar PA, Goudriaan J (2001) Diffu-
sive gas transport through flooded rice systems. Journal of Geophysical Research:
Atmospheres, 106, 20861–20873.
Bouchard V, Frey SD, Gilbert JM, Reed SE (2007) Effects of macrophyte functional
group richness on emergent freshwater wetland functions. Ecology, 88, 2903–2914.
Bousquet P, Ciais P, Miller JB et al. (2006) Contribution of anthropogenic and natural
sources to atmospheric methane variability. Nature, 443, 439–443.
Brix H, Sorrell BK, Orr PT (1992) Internal pressurization and convective gas flow in
some emergent freshwater macrophytes. Limnology and Oceanography, 37, 1420–
1433.
Brix H, Sorrell BK, Lorenzen B (2001) Are Phragmites-dominated wetlands a net
source or net sink of greenhouse gases? Aquatic Botany, 69, 313–324.
Chanton JP, Whiting GJ, Happell JD, Gerard G (1993) Contrasting rates and diurnal
patterns of methane emission from emergent aquatic macrophytes. Aquatic Botany,
46, 111–128.
Christensen TR, Friborg T, Sommerkorn M et al. (2000) Trace gas exchange in a high-
arctic valley 1. Variations in CO2 and CH4 flux between tundra vegetation types.
Global Biogeochemical Cycles, 14, 701–713.
Christensen TR, Ekberg A, Str€om L et al. (2003) Factors controlling large scale varia-
tions in methane emissions from wetlands. Geophysical Research Letters, 30, 1414.
Colmer TD (2003a) Long-distance transport of gases in plants: a perspective on inter-
nal aeration and radial oxygen loss from roots. Plant, Cell and Environment, 26, 17–
36.
Colmer TD (2003b) Aerenchyma and an inducible barrier to radial oxygen loss facili-
tate root aeration in upland, paddy and deep-water rice (Oryza sativa L.). Annals of
Botany, 91, 301–309.
Comas X, Slater L, Reeve A (2007) In situ monitoring of free-phase gas accumulation
and release in peatlands using ground penetrating radar (GPR). Geophysical
Research Letters, 34, L06402.
Coulthard TJ, Baird AJ, Ramirez J, Waddington JM (2009) Methane dynamics in peat:
importance of shallow peats and a novel reduced-complexity approach for model-
ing ebullition. In: Carbon Cycling in Northern Peatlands (eds Baird AJ, Belyea LR,
Comas X, Reeve AS, Slater LD), pp. 173–185. American Geophysical Union, Wash-
ington.
Couwenberg J, Dommain R, Joosten H (2010) Greenhouse gas fluxes from tropical
peatlands in south-east Asia. Global Change Biology, 16, 1715–1732.
Ding W, Cai ZC, Tsuruta H (2005) Plant species effects on methane emissions from
freshwater marshes. Atmospheric Environment, 39, 3199–3207.
Dinsmore KJ, Skiba UM, Billett MF, Rees RM, Drewer J (2009) Spatial and temporal
variability in CH4 and N2O fluxes from a Scottish ombrotrophic peatland: implica-
tions for modelling and upscaling. Soil Biology and Biochemistry, 41, 1315–1323.
Dise NB, Gorham E, Verry ES (1993) Environmental factors controlling methane emis-
sions from peatlands in northern Minnesota. Journal of Geophysical Research, 98,
10583–10594.
Dlugokencky EJ, Nisbet EG, Fisher R, Lowry D (2011) Global atmospheric methane:
budget, changes and dangers. Philosophical Transactions of the Royal Society of Lon-
don A: Mathematical Physical and Engineering Sciences, 369, 2058–2072.
Dorodnikov M, Knorr KH, Kuzyakov Y, Wilmking M (2011) Plant-mediated CH4
transport and contribution of photosynthates to methanogenesis at a boreal mire:
a 14C pulse-labeling study. Biogeosciences, 8, 2365–2375.
Dorrepaal E, Toet S, van Logtestijn RSP, Swart E, van de Weg MJ, Callaghan TV,
Aerts R (2009) Carbon respiration from subsurface peat accelerated by climate
warming in the subarctic. Nature, 460, 616–619.
Elberling B, Askaer L, Jørgensen CJ, Joensen HP, K€uhl M, Glud RN, Lauritsen FR
(2011) Linking soil O2, CO2, and CH4 concentrations in a wetland soil: implications
for CO2 and CH4 fluxes. Environmental Science and Technology, 45, 3393–3399.
Engle D, Melack JM (2000) Methane emissions from an Amazon floodplain lake:
enhanced release during episodic mixing and during falling water. Biogeochemis-
try, 51, 71–90.
Garnet KN, Megonigal JP, Litchfield C, Taylor GE Jr (2005) Physiological control of
leaf methane emission from wetland plants. Aquatic Botany, 81, 141–155.
Gauci V, Dise NB, Fowler D (2002) Controls on suppression of methane flux from a
peat bog subjected to simulated acid rain sulfate deposition. Global Biogeochemical
Cycles, 16, 4–12.
Gauci V, Gowing DJ, Hornibrook ERC, Davis JM, Dise NB (2010) Woody stem
methane emission in mature wetland alder trees. Atmospheric Environment, 44,
2157–2160.
Grayston SJ, Vaughan D, Jones D (1997) Rhizosphere carbon flow in trees, in compari-
son with annual plants: the importance of root exudation and its impact on micro-
bial activity and nutrient availability. Applied Soil Ecology, 5, 29–56.
Greenup AL, Bradford MA, McNamara NP, Ineson P, Lee JA (2000) The role of Erio-
phorum vaginatum in CH4 flux from an ombrotrophic peatland. Plant and Soil, 227,
265–272.
Gr€unfeld S, Brix H (1999) Methanogenesis and methane emissions: effects of water
table, substrate type and presence of Phragmites australis. Aquatic Botany, 64, 63–75.
Hartley IP, Garnett MH, Sommerkorn M et al. (2012) A potential loss of carbon associ-
ated with greater plant growth in the European Arctic. Nature Climate Change, 2,
875–879.
Henneberg A, Sorrell BK, Brix H (2012) Internal methane transport through Juncus
effusus: experimental manipulation of morphological barriers to test above- and
below-ground diffusion limitation. New Phytologist, 196, 799–806.
Holzapfel-Pschorn A, Seiler W (1986) Methane emission during a cultivation period
from an Italian rice paddy. Journal of Geophysical Research: Atmosphere, 91, 11803–
11814.
Hosono T, Nouchi I (1997) The dependence of methane transport in rice plants on the
root zone temperature. Plant and Soil, 191, 233–240.
Joabsson A, Christensen TR (2001) Methane emissions from wetlands and their rela-
tionship with vascular plants: an Arctic example. Global Change Biology, 7, 919–932.
Kai FM, Tyler SC, Randerson JT, Blake DR (2011) Reduced methane growth rate
explained by decreased northern hemisphere microbial sources. Nature, 476,
194–197.
Kankaala P, K€aki T, M€akel€a S, Ojala A, Pajunen H, Arvola L (2005) Methane efflux in
relation to plant biomass and sediment characteristics in stands of three common
emergent macrophytes in boreal mesoeutrophic lakes. Global Change Biology, 11,
145–153.
Kim J, Verma SB, Billesbach DP (1999) Seasonal variation in methane emission from a
temperate Phragmites-dominated marsh: effect of growth stage and plant-medi-
ated transport. Global Change Biology, 5, 433–440.
Martinson GO, Werner FA, Scherber C et al. (2010) Methane emissions from tank bro-
meliads in neotropical forests. Nature Geoscience, 3, 766–769.
Matthews E, Fung I (1987) Methane emission from natural wetlands: global distribu-
tion, area, and environmental characteristics of sources. Global Biogeochemical
Cycles, 1, 61–86.
Menyailo OV, Stepanov AL, Makarov MI, Conrad R (2012) Effect of nitrogen on
methane oxidation in the soils under different tree species. Doklady Biological Sci-
ences, 447, 335–337.
Moore TR, Roulet NT (1993) Methane flux: water table relations in northern wetlands.
Geophysical Research Letters, 20, 587–590.
Morrissey LA, Zobel DB, Livingston GP (1993) Significance of stomatal control on
methane release from Carex-dominated wetlands. Chemosphere, 26, 339–355.
van der Nat FJWA, Middelburg JJ, van Meteren D, Wielemakers A (1998) Diel meth-
ane emission patterns from Scirpus lacustris and Phragmites australis. Biogeochemis-
try, 41, 1–22.
Pangala SR, Moore S, Hornibrook ERC, Gauci V (2013) Trees are major conduits
for methane egress from tropical forested wetlands. New Phytologist, 197, 524–
531.
Pangala SR, Gowing DJ, Hornibrook ERC, Gauci V (2014) Controls on methane emis-
sions from Alnus glutinosa saplings. New Phytologist, 201, 887–896.
Prigent C, Papa F, Aires F, RossowWB, Matthews E (2007) Global inundation dynam-
ics inferred from multiple satellite observations, 1993–2000. Journal of Geophysical
Research: Atmospheres, 112, D12107.
Reay DS, Nedwell DB, McNamara N, Ineson P (2005) Effect of tree species on meth-
ane and ammonium oxidation capacity in forest soils. Soil Biology and Biochemistry,
37, 719–730.
Rice AL, Butenhoff CL, Shearer MJ, Teama D, Rosenstiel TN, Khalil MAK (2010)
Emissions of anaerobically produced methane by trees. Geophysical Research Letters,
37, L03807.
Rusch H, Rennenberg H (1998) Black alder (Alnus glutinosa (L.) Gaertn.) trees mediate
methane and nitrous oxide emission from the soil to the atmosphere. Plant and
Soil, 201, 1–7.
© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12891
12 S . R . PANGALA et al.
Sch€utz H, Schr€oder P, Rennenberg H (1991) Role of plants in regulation the methane
flux to the atmosphere. In: Trace Gas Emissions by Plants (eds Sharkey TD, Holland
EA, Mooney HA), pp. 29–63. Academic Press, San Diego.
Simpson IJ, Sulbaek Anderson MP, Meinardi S et al. (2012) Long-term decline of glo-
bal atmospheric ethane concentration and implications for methane. Nature, 488,
490–494.
Sj€ogersten S, Cheesman AW, Lopez O, Turner BL (2010) Biogeochemical processes
along a nutrient gradient in a tropical ombrotrophic peatland. Biogeochemistry, 104,
147–163.
Str€om L, Ekberg A, Mastepanov M, Christensen TR (2003) The effect of vascular
plants on carbon turnover and methane emissions from a tundra wetland. Global
Change Biology, 9, 1185–1192.
Str€om L, Mastepanov M, Christensen TR (2005) Species-specific effects of vascular
plants on carbon turnover and methane emissions from wetlands. Biogeochemistry,
75, 65–82.
Sutton-Grier AE, Megonigal JP (2011) Plant species traits regulate methane produc-
tion in freshwater wetland soils. Soil Biology and Biochemistry, 43, 411–420.
Terazawa K, Ishizuka S, Sakata T, Yamada K, Takahashi M (2007) Methane emissions
from stems of Fraxinus mandshurica var. japonica trees in a floodplain forest. Soil
Biology and Biochemistry, 39, 2689–2692.
Vann CD, Megonigal JP (2003) Elevated CO2 and water depth regulation of methane
emissions: comparison of woody and non-woody wetland plant species. Biogeo-
chemistry, 63, 117–134.
Waddington JM, Roulet NT, Swanson RV (1996) Water table control of CH4 emission
enhancement by vascular plants in boreal peatlands. Journal of Geophysical Research,
101, 22775–22785.
Whiting GJ, Chanton JP (1992) Plant-dependent CH4 emission in a subarctic Cana-
dian fen. Global Biogeochemical Cycles, 6, 225–231.
Whiting GJ, Chanton JP (1996) Control of the diurnal pattern of methane emission
from emergent aquatic macrophytes by gas transport mechanisms. Aquatic Botany,
54, 237–253.
Wilson JO, Crill PM, Bartlett KB, Sebacher DI, Harriss RC, Sass RL (1989) Seasonal
variation of methane emissions from a temperate swamp. Biogeochemistry, 8, 55–
71.
Supporting Information
Additional Supporting Information may be found in the online version of this article:
Figure S1. The range of tree diameters measured at 1.3 m stem height within the 20 9 30 m study plot.
Table S1. Relationshipa between stem CH4 fluxes from mature trees and stem sampling height
b above the peat surface for A. glutin-
osa and B. pubescens.
Table S2. Relationshipa between stem CH4 fluxes from young trees and stem sampling height
b above the peat surface for A. glutin-
osa and B. pubescens.
Table S3. Relationshipa, b between seasonal variation of the individual CH4 emission pathways (lg m
2 h1) and environmental
parameters.
Table S4. Relationship between stem CH4 fluxes (lg m
2 h1), stem diameter, wood-specific density and pore-water CH4 concen-
trations at 20 to 30 cm soil depth measured within 1 m radius of trees under investigation.
Table S5. Results of stepwise multiple regression analysis of stem-CH4 emissions from A. glutinosa and B. pubescens measured at 20
to 50 cm stem height and all the independent variables measureda.
Table S6. Results of stepwise multiple regression analysis of CH4 emissions from hollows (nonvegetated and vegetated), hum-
mocks nonvegetated and vegetated) and all the independent variables measureda.
Table S7. Results of multiple regression analysis of stem-CH4 fluxes from A. glutinosa and B. pubescens measured at three stem
heightsa, stem diameter and wood-specific density measured at corresponding stem heights, and pore-water CH4 concentrations
measured at 20 to 30 cm soil depths within 1 m radius of the trees under investigation.
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